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Sth1321, a novel class-IIS restriction endonuclease of Streptococcus
thermophilus ST132

M.T. Poch, G.A. Somkuti *, D.K.Y. Solaiman

Abstract

The Sth132I restriction endonuclease (R.St4132I) was detected in Streptococcus thermophilus ST132 and purified to near
homogeneity by heparin Sepharose CL-6B affinity chromatography. Fragments from Sth132I digestion of plasmid DNA were
subcloned into pUCI19 in Escherichia coli DHS5o and sequenced. Sequence analysis of inserts and their ligation junction sites
revealed that Sth1321 is a novel class-IIS restriction endonuclease, which recognizes the non-palindromic sequence

5/=CCCG(N) -3
3'"=GGGC (N)g-5. © 1997 Elsevier Science B.V.
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1. Introduction

Streptococcus thermophilus, an essential microbe in
dairy food fermentations, is widely used in the pro-
duction of a variety of food products. This industrially
important species is a member of a diverse group of
facultative anaerobes commonly referred to as lactic
acid bacteria (LAB), which are used in various combina-
tions to yield specific fermented foods. Recent genetic
research on S. thermophilus has been focused on the
characterization of indigenous plasmid DNAs Janzen
et al., 1992; Hashiba et al., 1993), transformation tech-
niques (Mercenier et al.,, 1987, 1988; Somkuti and
Steinberg, 1988), carbohydrate metabolism (Herman
and McKay, 1986; DeVos and Simons, 1988; Poolman
et al.,, 1989, Poolman et al., 1990; Schroeder et al.,
1991), amino acid metabolism (Yohda et al., 1991),
promoter sequences (Slos et al., 1991; Constable and

Abbreviations: R.ENase, restriction endonuclease; LAB, lactic acid
bacteria; LB agar, Luria-Bertani agar; R/M, restriction modification
system(s); BSA, bovine serum albumin; TMM, Tris—MgCl,-mercapto-
ethanol buffer; TM, Tris—mercaptoethanol buffer; EDTA, ethylenedia-
minotetracetate; AGE, agarose gel electrophoresis; SDS-PAGE,
sodium dodecyl sulfate polyacrylamide gel electrophoresis; kb, kilo-
base(s); bp, base pair(s).

Mollet, 1994; cloning vectors (Solaiman et al., 1992;
Solaiman and Somkuti, 1993), chromosome mapping
(Roussel et al., 1994) and the expression of heterologous
genes Solaiman and Somkuti, 1996).

In our laboratory, certain strains of S. thermophilus
were observed to be refractory to transformation by
electroporation with a variety of plasmids (Somkuti and
Steinberg, 1988). This indicated the putative presence
of restriction endonuclease (R.ENase) activity in these
strains. Subsequently, our laboratory reported the occur-
rence and properties of R.Sth1341 (Solaiman and
Somkuti, 1990) and R.S#41171 (Solaiman and Somkuti,
1991) which were determined to be isoschizomers of
R.Hpall and R.EcoRII respectively. The presence of
similar isoschizomers in different strains was later con-
firmed by others (Benbadis et al.,, 1991; Guimont
et al., 1993).

Further screening of S. thermophilus strains in our
collection has led to the discovery in S. thermophilus
ST132 of a novel class-IIS R.ENase, R.St41321, which
is the subject of this study.

2. Experimental and discussion

2.1. Isolation and purification of R.Sthi132I

The screening of S. thermophilus cultures with a rapid
procedure (Poch and Somkuti, 1993), identified the



plasmid-free strain ST132 as a putative carrier of
R.ENase activity. Cell extracts of S. thermophilus ST132
were prepared from 1000-ml culture as previously
described (Somkuti and Steinberg, 1988), and disinteg-
rated by exposure for 1h to mutanolysin (2 mg/ml,
Sigma Chemical Co., St. Louis, MO) followed by sonic
disruption. The centrifuged (12 000 x g) supernatant of
the crude extract (approx. 15 mg/ml protein) was loaded
on a 5-ml DEAE-cellulose (DE52) column, followed by
washing with Tris (10 mM)-MgCl, (20 mM)-mercap-
toethanol (10 mM) (TMM, pH 7.6) buffer until attain-
ment of a nonabsorbing baseline at A,g,. R.ENase
activity was desorbed with a 25-300 mM linear gradient
of KCl in TMM (20 ml) with active fractions collected
at approx. 55-75mM KCl. Nonspecific nucleases did
not desorb until [KCl] reached approx. 115mM.
Fractions with R.ENase activity were pooled and further
purified by heparin Sepharose CL-6B chromatography
(Fig. 1A). The yield of purified R.Sth132] was 40 pg
protein from an initial 12 mg in the crude extract. Only
40 units of enzyme were obtained per liter of cells. One
enzyme unit was defined as the amount of protein
required to digest 1 pg of phiX174 RF DNA after 1h
of incubation at 50°C in a 50 ul reaction volume.
SDS-PAGE analysis of the final preparation of
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R.Sth1321 showed essentially a single major band with
an approx. 53.6 kDa molecular mass (Fig. 1B).

2.2. Characterization of R.Sth1321

Optimum conditions for Sth132I activity were deter-
mined with phiX174 or pER8 (Somkuti and Steinberg,
1986) as the DNA substrates. Similar to the two other
R.ENases (R.St1341 and R.Sth117I) described pre-
viously in . thermophilus R.Sth132] had a requirement
of at least 5 mM Mg?* but no Na* or K* for activity.
Furthermore, R.Sth132I also demonstrated a tolerance
to salt concentrations of up to 250 mM Na* or K* in
the reaction mixture and required an inactivation tem-
perature greater than 60°C. R.ENase activity of Sth132I
was determined to have an optimum pH of 7.5, with
activity detectable between pH 6 and 9. The temperature
optimum of R.Sth1321 was 45°C, with measurable
R.ENase activity from 37 to 55°C. In these respects,
R.Sth1321 was similar to R.Sth1341 (Solaiman and
Somkuti, 1990) but differed from R.Sth1171 which dis-
played a nearly unchanged level of activity at temper-
atures between 30 and 50°C, a pH range from 5.4 to
8.3 (optimum at 6.5-7.0), and a loss of activity above
200mM NaCl (Solaiman and Somkuti, 1991).

Fig. 1. Purification of Sth132I by heparin Sepharose CL-6B chromatography. (A) Fractions with R.ENase activity from the DE-52 anionic exchange
column were pooled and loaded on a 1-ml activated heparin Sepharose CL-6B (Pharmacia LKB Biotechnology, Piscataway, NJ, USA) column
equilibrated with Tris (10 mM)-mercaptoethanol (5 mM)-pH7.6 (TM) buffer and washed with same until A5, of eluant returned to baseline.
Desorption of R.ENase activity was achieved with a 0.1-1.0 M linear gradient of NaCl in TM buffer (10 ml). Each fraction (0.5 ml) was tested
by incubating a 10 pl sample with 0.4 pg of phi X-174 RF DNA, 100 pg bovine serum albumin, 2 pl of 10x TMM buffer and sterile dH,0 in
20 pl total volume, at 45°C for 1.5 h. The reaction was stopped by the addition of 10 pl loading buffer (258 mM Tris—258 mM boric acid-7.5 mM
EDTA, pH 8.2). Digests were developed in a horizontal 1.2% agarose gel slab for 3h at 100V followed by staining with ethidium bromide.

R.Sth1321 eluted at approx. 375 mM NaCl. Fractions with R.ENase activity were pooled and desalted on a Centricon-30 microconcentrator
(Amicon, Beverly, MA, USA). The purified R.Sth132I was eluted with 200 pl of TM buffer, supplemented with 0.2 mM PMSF, and stored at
—20°C. (B) SDS-PAGE analysis of purified R.Sth1321 and various isolation intermediates. Samples (approx. 10 pug) containing the enzyme were
developed in a 12.5% SDS-PAGE gel and stained with Coomassie brilliant blue (Laemmli, 1970). Lane 1: pooled fractions with R.ENase activity
eluted from DE-52. Lane 2; R.Sth132] further purified on a heparin Sepharose CL-6B column. Lane 3: R.Sth132] isolated with a rapid miniprepara-
tive method (Poch and Somkuti, 1993). Lane 4: Standards (from top to bottom); phosphorylase b (94 kDa); bovine serum albumin (67 kDa);
ovalbumin (43 kDa); carbonic anhydrase (30 kDa); soybean trypsin inhibitor (20.1 kDa) and o-lactalbumin (14.4 kDa).



R.Sth132I retained activity for several months when
stored at 4°C in a buffer consisting of 10mM Tris
(pH 7.5)-0.1 mM EDTA-02mM PMSF and 0.1%
Triton X-100.

R.Sth1321  digested  lambda bacteriophage,
T7-coliphage, adenovirus DNA, phiX174 RF DNA,
SV40 DNA, pBR322, pUCI8 and pERS into several
fragments (Fig. 2). Digestion patterns did not change
appreciably beyond 3 h of incubation. As described later
in the text, some of these bands were the results
of incomplete digestion of the corresponding plasmid/
DNA substrates. Of particular interest was the fragment-
ation pattern of pER8 which was later used for determin-
ing the site specificity of R.Sth132I (Fig. 2, lane 8). This
cryptic plasmid from S. thermophilus ST108 was
apparently digested into two major fragments (approx.
1.3 and 0.8 kb) but occasionally three smaller and less
visible bands (approx. 60, 50 and 30bp) were also
detectable in agarose gels stained with ethidium bromide.

2.3. Determination of recognition site of R.Sth132i

Fragments generated from digesting pER8 with
R.Sth1321I were shotgun cloned (Sambrook et al., 1989)
into the Hincll site of pUC19 two ways: (1) by direct
ligation assuming that R.Sth132I generated blunt-end
termini, and (2) by prior treatment of pER8 fragments
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Fig. 2. Restriction endonuclease activity of R.Sth132I with various
substrates: AGE patterns of DNAs digested with R.Sth132I (substrate
DNAs were purchased from New England Biolabs, Beverly, MA,
USA); pER8 was prepared in our laboratory as previously described
(Somkuti and Steinberg, 1986); R.ENases were products of Gibco
BRL, Grand Island, NY, USA). Reaction conditions were the same
as described in Fig. 1A. Lane 1:R.HindIII digest of lambda bacterio-
phage DNA (from top to bottom); 23 kb, 9.1 kb, 6.4 kb, 4.3 kb, 2.3 kb,
2.0 kb and 0.546 kb. Lanes 2-8: lambda bacteriophage DNA, adenovi-
rus DNA, phi X174 RF DNA, pBR322, SV40 DNA, pUC18 and
pERS digested with R.St41321. Lane 9: R.Haelll digest of phiX174
DNA (from top to bottom); 1353 bp, 1078 bp, 872 bp, 603 bp and
306 bp.

with Klenow fragment (DNA polymerase I) or T4 DNA
polymerase assuming that the enzyme generated cohe-
sive ends. However, transformation of Escherichia coli
DHS50 was successful only with ligation products of
pUCI19 and Klenow-treated or T4 DNA polymerase-
treated pERS fragments confirming that R.Sth1321 cre-
ated cohesive termini. Plasmid analysis of transformants
picked randomly from LB agar plates supplemented
with 100 pg/ml ampicillin showed the presence of recom-
binant (pUCER) plasmids of three identifiable size
classes. These plasmids (pUCERS56, pUCER778 and
pUCER1231) were purified and their respective ligation
junction regions were examined by sequencing. The
partial nucleic acid sequence showing the ligation junc-
tion region of pUCERS6 is shown in Fig. 3A (italics).
Sequence analysis comparing the insert sequence with
that of pER8 showed that the 56-bp insert was located
on the pER8 map at coordinates 835-890 (Fig. 3B,
fragment A). Similar sequence analysis (Fig. 3B) local-
ized the inserts in pUCER778 and pUCER1231 to map
coordinates 919-1696 (fragment B) and 1754890 (frag-
ment C) of pERS, respectively. Sequence comparison
of these ligation junction sites of pER8 did not reveal a
consensus palindromic sequence characteristic of the
recognition/cleavage site of the commonly known
class-II restriction enzymes. However, careful examina-
tion of the sequences adjacent to these sites showed that
a consensus sequence 5‘CCCG3’ was located either
upstream or downstream from the junction points
(Fig. 3B). Sequence analysis of pERS8 of S. thermophilus
ST128 (2094 bp, our unpublished data) to locate this
structure showed five possible sites on this plasmid, at
coordinates 843C, 895C, 911, 1685 and 1746 (Fig. 4A),
confirming the results of preliminary restriction analyses
of pER8 with R.Sth1321 (Fig. 2). Further, it was noted
that the consensus sequence is situated 4- and 8-bp away
from the junction points but showing no specific down-
stream base-pairing requirement (Fig. 4B). These results
indicated that digestion with R.Sth132I leads to the
generation of DNA fragments with 5’ protruding ends.
Analysis of nucleic acid sequences retrieved from
GenBank and EMBL databases programs showed vary-
ing number of 5-CCCG-3' recognition sites in other
DNA substrates such as lambda bacteriophage (364),
pBR322 (42), pUC19 (25), SV40 (4) and phiX174 (8),
corroborating the results of earlier digestion experiments
with R.Sth1321 as shown in Fig. 2. Notable among these
were the digestion patterns produced from phiX174 RF
DNA and pERS8. When digested with Sth132I, these
substrates were predicted to produce eight (1, 89, 317,
493, 634, 895, 1418 and 1539 bp) and five (32, 52, 61,
774 and 1175 bp) fragments, respectively. Fig. 2 shows
that phiX174 RF digests (lane 4) indeed contained the
expected 634, 895, 1418 and 1539 bp bands. The diges-
tion pattern of pER8 (Fig.2, lane 8) showed the
expected 774-bp and another, approx. 1300-bp partially
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CAGGTCGTTCTAAAACCCTTGTCACTACTGGTTTTTTGGGCAAAAAAAAACCCGTTTCATTTGACTCTAG
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AACGCCCTAA
TTGCGGGATT
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AACGCCCGTA
TTGCGGGCAT

CGACCCCCGC
GCTGGGGGCG
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TTTCCCCTTC GACACACATA
AAAGGGGAAG CTGTGTGTAT

TTTTTGCCCA AAAAACCAGT
AAAAACGGGT TTTTTGGTCA
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TTATAAAACA GTTGGTAAAC
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CGTGCTAAAA TATATTCCCC
fragment C

CCAQTrATTATG GGCTTTAGGA
GGGATAATAC CCGAAATCCT
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dIIL, 1
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bia

AAATTATAAC
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AGTGACAAGG
TCACTGTTCC

B
GTATCAAGAT
CATAGTTCTA®

TAAAAGAGAG
ATTTTCTCIC

CAGTATATTT
GTCATATAAA

GAGCCACGAC
CTCGGTGCTG

GTTTTAGAAC|

CAAAATCTTG

AAGAAGAAAG
TTCTTCTTTC

ACGTCGTTAA
TGCAGCAATT

CCCCTAGACC
GGGGATCTGG

AAGGTGTTTT
TTCCACAAAA

TGA
ACT

TCA
AGT

CCTACGGGGT
GGATGCCCCA

CAGTCTTGCG
GTCAGAACGC

ACCCCTATAA
TGGGGATATT

AGTTTAAAAA
TCAAATTTTT

CTTACTTCAC
GAATGAAGTG

Fig. 3. (A) Partial nucleotide sequence of pUCER56. Sequence shown includes the ligation junctions of the 56-bp Klenow-fragment treated pER8
insert in the multiple cloning site of pUCI9. Sequence was determined by the dideoxynucleotide chain termination method (Sanger et al., 1977)
using AutoRead™ Sequencing Kit with M13 universal and M13 reverse primers, in an ALF.DNA Sequencer unit (Pharmacia Biotech, Piscataway,
NJ, USA). (B) Partial sequence of pER8 showing ligation junctions of Klenow-treated 778 bp (B) and 1231 bp (C) fragments generated by

R.Sth1321 digestion.

digested band which apparently still included some of
the predicted 32-, 52- and 61-bp fragments. Although
occasionally seen as faint bands, the smaller fragments
arising from the digestion of pER8 were usually below
the level of detectability in ethidium bromide-stained
agarose gels. The presence of bands larger than the
longest restriction fragments expected suggested that
digestion of both phiX174 RF and pERS by R.Sth1321
remained incomplete, possibly resulting from the varying
sensitivity of the 5'-CCCG-3’ recognition site caused by
differences in flanking nucleotide sequences.

The focus of research on R.ENases in the LAB group
has been on phage resistance mechanisms involving
restriction and modification (R/M) systems. Several
laboratories have reported on R/M systems in lactococci

(Fitzgerald et al., 1982; Chopin et al., 1984; Gautier
and Chopin, 1987; Hill et al., 1989; Josephensen and
Vogensen, 1989; Davis et al., 1993; O’Sullivan et al.,
1995) and lactobacilli (Reyes-Gavilan et al., 1990). Data
on R.ENases of lactic acid bacteria at the molecular
level is limited to the lactococcal R.ScrFI (Fitzgerald
et al., 1982) and R.Llal (Hill et al, 1989; 1991;
O’Sullivan et al., 1995) systems, and R.ENases of S.
thermophilus Two other R.ENases reported to occur in
L. lactis subsp. cremoris, R.LIaAl and R.LlaBI
(Nyengaard et al., unpublished observations), were sub-
sequently reclassified as isoschizomers of R.Mbol and
R.Sfcl, respectively (Roberts and Macelis, 1993). In the
case of R.Sth132l, further research is needed to explore
the potential role of this enzyme in R/M systems that



HindIIL,1

.Sau3A,306
1746,Sth1321.
1685,Sth132I.

pERS
2094 bps

-BstEII,522

1568, Hinfl |
1533, Hpal

1441, Hinfl”

n \ 4 Xmnl,823
1269, BstE ) } Sh1320,843
1117, Pvall §'SmT321 895
{SthI321,011
Xmnl,916

B RSth132I Cleavage Sites in pERS

Coordinate Downstream Sequence
position

843c’ 5'-CCCGTTTCATTT
3'-GGGCAAAGTAAA,

895¢C" §'-CCCGTAGGGTTC
3'-GGGCATCCCAAG,

911 5'-CCCGTGAATTAT
3'~GGGCACTTAATA,

1685 5! ~CCCGTAGCACGA
3'-GGGCATCGTGCT,

v

1746 5'-CCCGCCCCTATT

3'~GGGCGGGGATAA,

Fig. 4. (A) Locations of the CCCG consensus sequence in pERS8. (B) Variability in nucleotide base pairings downstream from CCCG sites in
pERS. Arrows indicate cleavage points resulting in 5’ protruding ends; ‘C’ indicates the position of restriction sites on the complementary DNA

strand.

may be operational in S. thermophilus or other members
of the LAB group.

A search of the available literature failed to identify
an isoschizomeric relationship between R.St4132I and
any of the known class-II or class-IIS R.ENase enzymes
(Wilson, 1991; Roberts and Macelis, 1993). Therefore
we concluded that R.StA1321 is a novel class-IIS
R.ENase requiring an asymmetric and uninterrupted
four-base non-palindromic recognition sequence,

5-"CCCG(N),

3="GGGC (N)g. Itisalso the first class-IIS restriction
endonuclease to be characterized in S. thermophilus.
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